The dietary reference intake (DRI) of vitamin D for Korean children was reduced from 400 IU/day in 2005 to 200 IU/day in 2010. We evaluated the risk factors for low 25-hydroxyvitamin D [25(OH)D] status and its relationships with bone health in peripubertal nonobese children living in Seoul or Gyeonggi-do. One hundred children (9.3 ± 1.9 years, 71 prepubertal, 45 boys) participated in the winter (n = 38, December through March) and summer (June through September). Bone mineral content (Z_BMC), fat mass (Z_FM), lean mass (Z_LM), and bone mineral density for the total body (Z_TB) and lumbar spine (Z_L1-4) were measured using dual-energy X-ray absorptiometry. Twenty-nine percent of children (47.4 % in winter, 17.7 % in summer) were vitamin D deficient (25(OH)D level of \20 ng/mL). The winter season (P = 0.008) and low vitamin D intake (P = 0.044) were associated with low 25(OH)D level. The 25(OH)D level correlated positively with Z_BMC (P = 0.040), Z_TB (P = 0.027), and Z_L1-4 (P = 0.045) independently of sex, puberty, Z_FM, Z_LM, physical activity level, and calcium intake. Z_FM correlated independently with Z_BMC (P \ 0.001), Z_TB (P = 0.037), and Z_L1-4 (P \ 0.001). In conclusion, almost half of peripubertal nonobese children were vitamin D deficient in winter. Adequate vitamin D status and adiposity contributed to good bone health in nonobese children. Considering the beneficial effects of adequate vitamin D status on bone health, the current DRI may be insufficient for preventing vitamin D deficiency in winter among Korean children.
Introduction
The vitamin D receptor is present in most tissues and cells in the body, and vitamin D is thought to play a crucial role in bone, glucose metabolism, cardiovascular health, cancer, and immune disorders [1] . An increasing number of studies of children, adolescents, and adults have focused on understanding the effects of vitamin D on health and the importance of sufficient vitamin D status.
The modern lifestyle often restricts the amount of time school-aged children have to play outdoors, and hypovitaminosis D has been identified as a prevalent health problem [2] . According to the 2008 report of the Korea National Health and Nutrition Examination Survey (KNHANES), vitamin D deficiency is common, especially in the younger generation [3] . In the 10-19-year age range, the prevalence of vitamin D deficiency, defined as a serum 25-hydroxyvitamin D [25(OH)D] level \20 ng/mL [4, 5] , was 50-60 % in males and 60-70 % in females [3] . Despite growing evidence that hypovitaminosis D is prevalent among healthy children worldwide [6] [7] [8] , little is known about the prevalence of vitamin D deficiency and risk factors for low vitamin D status in prepubertal and early pubertal children in Korea.
Persistent severe deficiency causes rickets in growing children, but there is conflicting information about the association between low vitamin D status and bone mass and/ or density in children and adolescents without any clinical signs of rickets [2] . Although obesity has an adverse effect on vitamin D status [9] , the relationship between adiposity and vitamin D status is also controversial [6] [7] [8] 10] .
The Institute of Medicine revised the dietary reference intakes (DRIs) of vitamin D in 2011 as follows. The Recommended Dietary Allowance was increased to 600 IU/day for ages 1-70 years to maintain bone health; this level corresponds to a serum 25(OH)D level of C20 ng/mL [4] . However, the DRI for vitamin D for Korean children was lowered from 400 IU/day in 2005 to 200 IU/day in 2010. This 2010 revision by the Korean Nutrition Society was based on little evidence about the effect of vitamin D on health outcomes in Korean children and the assumption that exposure to sunlight guarantees adequate vitamin D status in childhood. Whether the current recommendation for vitamin D intake is sufficient to prevent vitamin D deficiency, especially during the winter, needs to be investigated.
In this study, only prepubertal and early pubertal nonobese children were included to minimize the confounding effects of obesity and puberty on 25(OH)D level [9] , bone mass, and/or bone density [11] [12] [13] [14] . We investigated the prevalence of vitamin D deficiency and its risk factors. We also analyzed the associations between 25(OH)D level and body composition [bone mass, fat mass (FM), and lean mass (LM)] and bone mineral density (BMD) in peripubertal nonobese children living in Seoul or Gyeonggi-do at a latitude of 37°N.
Materials and methods

Subjects
This study protocol was approved by the institutional review boards of Seoul National University Hospital. We recruited healthy participants who visited the pediatric endocrinology clinic at Seoul National University Children's Hospital between December 2010 and September 2011 for the assessment of growth and puberty. One hundred nonobese children (age 9.3 ± 1.9 years, 71 prepubertal, 45 boys) participated in the winter (n = 38, December through March) and summer (June through September). Written informed consent was obtained from one parent, and assent was obtained from the participants. All participants in this study were in Tanner I or II stage for breasts (girls) and genitals (boys). Height (cm) was measured twice to one decimal place with a Harpenden stadiometer (Holtain Ltd., Crymych, Wales, UK), and weight (kg) to one decimal place with a digital scale. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m 2 ). Height and BMI Z-score were assigned on the basis of the 2007 Korean National Growth Charts [15] . Bone age (BA) was assessed using the Greulich and Pyle method. The criteria for study entry were designed to acquire a sample of healthy, normally developing nonobese children without underlying chronic disease and/or evidence of rickets or body deformity including scoliosis. These criteria included residence in Seoul or Gyeonggi-Do in Korea (37°N), term birth, birth weight [2.3 kg, and no evidence of precocious or delayed puberty. The difference between chronologic age (CA) and BA in all participants was\2 years. Children who had current or previous use of medication or medical conditions known to affect vitamin D metabolism, bone health, or body composition were excluded.
Biochemistry
A blood sample was drawn to measure serum levels of calcium (Ca), phosphorus, alkaline phosphatase, intact parathyroid hormone (iPTH), and 25(OH)D as the best indicator of vitamin D stores. Serum iPTH level was measured using a standard ELSA-PTH immunoradiometric assay (CIS Bio International, Sorgues, France). The interassay coefficient of variation (CV) was 4.6 %, and the intra-assay CV was 4.3 %. Serum 25(OH)D level was measured using an 125 I-labeled radioimmunoassay (DiaSorin, Stillwater, MN, USA). The interassay CV was 10.8 %, and the intra-assay CV was 9.4 %. For the purpose of the analysis, we defined vitamin D deficiency as a 25(OH)D concentration\20 ng/mL [4, 5] .
Body composition and BMD measurements
Whole-body dual-energy X-ray absorptiometry (DXA) scans were performed using a Lunar Prodigy Advance DXA bone densitometer [General Electric (GE) Lunar Corporation, Madison, WI, USA] with pediatric and adult software (ver. enCORE 2005 9.15.010, GE Lunar Corp.). The total body DXA scan provided the BMD of the lumbar spine (L1-4)(BMD LS ) and total body BMD (BMD TB ), and body composition details such as bone mineral content (BMC), LM, and FM. Z-scores for FM, LM, BMC, BMD LS , and BMD TB were calculated according to the Korean reference for children and adolescents [16, 17] .
Dietary intake
Food intake was assessed by a 3-day (including 2 week days and 1 week-end day) dietary record method under the guidance of a trained dietitian. To ensure accurate estimations, food volume was estimated using food models. Information about dietary and supplemental vitamin D and supplemental Ca intake was collected using a food-frequency questionnaire. The dietitian interviewed the subjects about their average frequency of consumption and portion size of each food over a 12-month period. For the subjects who took supplements, the Ca and vitamin D contents of the supplements were recorded. The vitamin D content of foods was obtained from the Rural Development Administration food composition tables [18] . Total energy intake and dietary Ca intake were analyzed using a nutrition evaluation program, CAN-pro 4.0 (computer aided nutritional analysis program for professionals, version 4.0, The Korean Nutrition Society, Korea). Dietary and supplemental Ca intakes were compared with the DRIs for Ca for Korean children and adolescents: 1000 mg/day for boys aged 12-14 years, 900 mg/day for girls aged 12-14 years, 900 mg/day for boys aged 15-18 years, and 800 mg/day for girls aged 15-18 years [19] . Dietary and supplemental Ca intakes were categorized into two groups: CDRI and \DRI. Dietary and supplemental Ca intakes were also compared with the DRIs for Koreans to calculate a percentage of the Ca intakes [(subjects' intake/DRI) 9 100].
Questionnaires about physical activity and daylight outdoor hours
A questionnaire was used to assess the amount and intensity of physical activity. Participants were asked about their level of physical activity during a normal week. The definition of regular physical activity was based on the physical activity guidelines provided by the United States Department of Health and Human Services [20] and output indicators of the Korea Youth Risk Behavior Web-based Survey [21] . Participants who performed moderate or vigorous physical activity for at least 60 min/day on 3 days of the week, and/or walking activity for at least 60 min/day on 5 days of the week, and/or muscular strength activity on [3 days of the week were assigned to the regular physical activity group. Those participants who performed moderate or vigorous physical activity for at least 180 min/day on 3 days of the week were also assigned to the regular physical activity group.
Statistical analysis
Statistical analyses were performed using SPSS for Windows (version 18.0, SPSS Institute, Chicago, IL, USA). All continuous variables are described as the mean ± SD. Variables were tested for normal distribution. Vitamin D intake, daylight outdoor hours (h/week), iPTH level, and FM Z-score showed a skewed distribution and were accordingly log transformed for analysis. Student's t test was used to compare the mean values, and the chi-squared test was used to compare categorical variables between two groups with normally distributed data. The chi-squared test for trend was used to compare the percentages of participants with vitamin D deficiency according to the degree of vitamin D intake (\200 IU/day, 200 to \400 IU/day, 400 to \600 IU/day, and C600 IU/day). Univariate linear regression analysis was performed to identify possible predictors of vitamin D deficiency and to identify the possible determinants associated with the Z-scores for BMD LS , BMD TB , and body composition details such as BMC, LM, and FM. Multivariate regression analysis was subsequently performed and included all independent variables that were significant in the univariate analysis and previously known covariates. For all analyses, P \ 0.05 (two-sided) was considered significant.
Results
Clinical characteristics of the participants
The percentages of participants with serum 25(OH)D level \ 20 ng/mL (vitamin D-deficient group, n = 29), 20 to \30 ng/mL (vitamin D-insufficient group, n = 50), and C30 ng/mL (vitamin D-sufficient group, n = 21) were 47.4, 39.4, and 13.2 % in winter (n = 38, December through March), and 17.7, 58.1, and 24.2 % in summer (n = 62, June through September), respectively ( Table 1) . No participant had a 25(OH)D level\10 ng/mL. There were no symptoms of vitamin D deficiency such as rickets, hypocalcemia, or hypophosphatemia in vitamin D-deficient participants. The percentage of children with vitamin D deficiency decreased with greater vitamin D intake from 41.9 % in children with an intake\200 IU/day (n = 31), to 27.3 % in those with an intake of 200 to \400 IU/day (n = 44), to 23.5 % in those with an intake 400 to\600 IU/day (n = 17), to 0 % in those with an intake C600 IU/day (n = 8) (P = 0.019, chisquared test for trend, Table 2 ). In winter, the percentages of children with vitamin D deficiency grouped according to intake as mentioned above were 57.1, 46.7, 50.0 and 0 %, respectively. In summer, the respective percentages were 29.4, 17.2, 9.1, and 0 % ( Fig. 1 ). These trends for decreasing percentage of vitamin D-deficient children with increasing vitamin D intake were not significant when analyzed separately for winter and summer. A higher percentage of participants performed regular physical activity in summer than in winter (P = 0.023, Table 1 ). Summer participants spent more hours outdoors than did winter participants (P = 0.016, Table 1 ).
Comparison between vitamin D-deficient group (n = 29) and vitamin D-nondeficient group (n = 71) ( Table 2) For further analysis, we classified participants into a vitamin D-deficient group (serum 25(OH)D level \20 ng/mL, n = 29) and a vitamin D-nondeficient group (serum 25(OH)D level C20 ng/mL, n = 71). The latter comprised the vitamin D-insufficient group, whose serum 25(OH)D level was 20 to \30 ng/mL (n = 50), and the vitamin D-sufficient group, whose serum 25(OH)D level was C30 ng/mL (n = 21). Sex distribution, CA, BA, height, BMI Z-score, and the percentage of prepubertal children did not differ between the vitamin D-deficient and vitamin D-nondeficient groups. The vitamin D-deficient group had a lower percentage of children who participated in regular physical activity (P = 0.029), and they spent fewer daylight outdoor hours (P = 0.028) than did the vitamin D-nondeficient group. The log-transformed iPTH level was higher in the vitamin D-deficient group than in the vitamin D-non deficient group. The Z-scores for BMC (P = 0.004), BMD TB (P \ 0.001), and BMD LS (P = 0.041) were significantly lower in the vitamin D-deficient group than in the vitamin D-nondeficient group. However, the Z-scores for FM and LM did not differ between the two groups ( Table 2 ). In the vitamin D-nondeficient group (n = 71), sex distribution, CA, BA, the proportion of prepubertal children, height, and BMI Z-scores did not differ between the vitamin D-insufficient group (n = 50) and -sufficient group (n = 21). The Z-scores for FM, LM, BMC, BMD TB , and BMD LS did not differ significantly between these two groups (data not shown).
Risk factors for low vitamin D status
Univariate linear regression analysis showed that season (P = 0.001), the log-transformed vitamin D intake (r = 0.220, P = 0.028) and log-transformed daylight outdoor hours (r = 0.280, P = 0.005), but not sex (P = 0.636), puberty (P = 0.070), BMI Z-score (P = 0.171), or FM Z-score (P = 0.582), correlated significantly with the 25(OH)D level. The modifying effects of season on the relationship between serum 25(OH)D level and log-transformed vitamin D intake or log-transformed daylight outdoor hours were not significant. In the multivariate linear regression analysis, the serum 25(OH)D level had a significant relationship with season (P = 0.008) and log-transformed vitamin D intake (P = 0.044), and a marginally significant association with log-transformed daylight outdoor hours (P = 0.050), accounting for 18.7 % of the variance.
Determinants related to bone mass and BMD (Table 3) The univariate linear regression analysis showed that the 25(OH)D level correlated with BMD TB Z-score (P = 0.006) but not with the Z-scores for BMC (P = 0.082) or BMD LS (P = 0.143). The FM Z-score correlated positively with the Z-scores for BMC (P \ 0.001), BMD TB (P = 0.008), and BMD LS (P \ 0.001). When adjusted for sex, puberty, FM Z-score, and LM Z-score (model 1), the 25(OH)D level was significantly associated with Z-score for BMD TB (P = 0.012) but not with Z-scores for BMC (P = 0.066) and BMD LS (P = 0.274). After adjusting for physical activity and Ca intake in addition to sex, puberty, FM Z-score, and LM Z-score (model 2), the 25(OH)D level was significantly associated with the Z-scores for BMC (P = 0.040), BMD TB (P = 0.027), and BMD LS (P = 0.045). Similarly, the FM Z-score correlated independently with the Z-scores for BMC (P \ 0.001), BMD TB (P = 0.037), and BMD LS (P \ 0.001) ( Table 3 ). However, neither the FM Z-score nor the LM Z-score was related to the 25(OH)D level after adjusting for sex, puberty, and physical activity level (data not shown). [3] may be explained by the inclusion of younger participants and exclusion of obese children in our study. The age-related decline in 25(OH)D level may be associated with several factors such as sun exposure, the change in adiposity, total dietary and supplemental vitamin D intake, and increased need for this nutrient during growth [22] . During early puberty, the conversion of 25(OH)D to 1,25 dihydroxyvitamin D [1,25(OH) 2 D] increases to meet the demands of growth [23, 24] . Therefore, higher requirements for Ca and phosphorus during the pubertal growth spurt and peak bone mass accrual may lead to a decrease in 25(OH)D level. However, puberty was not an independent predictor of vitamin D deficiency in our study after adjusting for adiposity, Ca and vitamin D intake, and physical activity level. There is little evidence of an increased requirement for vitamin D and a decrease in 25(OH)D level during puberty, possibly because the circulating concentration of 25(OH)D is 500-1000 times that of 1,25(OH) 2 D [25] .
Excess body fat has an adverse effect on vitamin D status, and low vitamin D status is more pronounced in adults with a BMI of C30 kg/m 2 [9] . Recent studies including nonobese and obese adolescents reported an independent inverse relationship between serum 25(OH)D level and adiposity measurements including BMI percentile, waist circumference, total FM and/or percentage of body fat, and visceral and subcutaneous abdominal adipose tissue [10, 26] . However, in our study, total adiposity was not related to serum 25(OH)D level in normal weight and overweight children.
The assumption that sunlight exposure may be enough to satisfy vitamin D needs in Korean children and adolescents contributed to the downward revision of Korean DRIs from 400 IU/day in 2005 to 200 IU/day in 2010. Most Korean children have little chance to play outdoors and to be exposed to sunlight. According to the questionnaires completed by our participants, fewer than half of the children engaged in regular physical activity, and the mean hours spent in outdoor activities was \4 h/week. Low vitamin D status was significantly associated with the winter season and low vitamin D intake. Judging from our data in which 57.1, 46.7, and 50.0 % of participants with an intake \200 IU/day, 200 to \400 IU/day, and 400 to \600 IU/day, respectively, were vitamin D deficient in the winter, the current revised DRI for vitamin D of 200 IU/day for Korean children may be not enough to maintain sufficient vitamin D status in the winter. Although this study did not show significant differences in the percentage of children with vitamin D deficiency between the vitamin D intake groups in winter, no participant with an intake C600 IU/day was vitamin D deficient. The vitamin D production in children estimated from all outdoor ultraviolet B exposures in the northern (45°N) or southern (35°N) United States did not satisfy the minimum daily vitamin D requirements [27] . This study suggests that exposure to sunlight cannot guarantee adequate vitamin D status in Korean children living at latitude 37°N during winter. Our study was limited by the small sample size. Further studies are needed to determine the optimal vitamin D intake (IU/day) to prevent vitamin D deficiency in winter among Korean children. The reason for the marginal significance in the relationship of serum 25(OH)D level with outdoor hours may be because we could not adjust the biologically effective UV dose rate or sun-protective behaviors such as the use of sunscreen and SPF level in addition to outdoor hours. In one study, only children who did not wear cream with sun protection factor (SPF) C15 produced adequate vitamin D 3 in skin [27] .
The difficulty determining the DRIs for vitamin D stems from a lack of evidence-based data on the role of vitamin D in multiple health outcomes in Korean children and adolescents. We aimed to provide evidence of the relationship between vitamin D deficiency and bone health in healthy Korean children. Mild vitamin D deficiency may cause a compensatory increase in iPTH level to maintain blood Ca level, which leads to a high rate of bone remodeling and an increased risk of lower bone mineral accrual in childhood and adolescence. There are many barriers to analyzing the role of vitamin D status in bone health during growth, such as pubertal stage, ethnicity, adiposity, LM, and diet (Ca, salt, and protein intake) [28] . A relationship between vitamin D status and bone health has been supported by some [29] [30] [31] but not by all studies [10, 32] . Low 25(OH)D level is related to low cortical bone density in prepubertal and early pubertal Finnish girls [29] , low forearm BMD in adolescents aged 12-15 years from Northern Ireland [30] , and lower bone mass and lower muscle strength compared with those with high vitamin D status in Chinese adolescent girls [31] . However, other studies found no significant relationships between 25(OH)D levels and forearm BMD in adolescents aged 10-18 years living in Northern India [32] and peak bone mass in females aged 16-22 years living in California [10] . Our cross-sectional analysis in prepubertal and early pubertal nonobese children showed that low 25(OH)D level was significantly related to low bone mass and low total body and lumbar spine BMD, independently of sex, puberty, adiposity, LM Z-score, physical activity, and Ca intake. These data support the notion that maintaining adequate vitamin D status is important for good bone health.
In our nonobese participants, adiposity was also associated with bone health. Despite increasing evidence that greater adiposity is associated with increased bone mass accrual in childhood [11] , there are discrepancies in the results of studies of the relationship between fat and bone [14, 33] . These discrepancies may be attributed, in part, to individual variability in the degree of obesity, and the timing and tempo of pubertal maturation, race/ethnicity and/or ancestral genetic background, the sites and areas of bone mass measured, and the modalities of bone measurement [33, 34] . Whether excess adiposity is beneficial or detrimental to the growing skeleton is still controversial [33] . Normal body fat content is beneficial for bone health in growing children and adolescents, whereas both low and excessively high body fat content have adverse skeletal effects [14] . In our nonobese participants, body fat was positively associated with bone mass and total body and lumbar spine BMD when adjusted for sex, puberty, LM, physical activity level, and Ca intake. Systemic factors derived from healthy adipose tissue, in addition to the greater mechanical strain induced by greater body mass, may contribute to the relationship between adiposity and bone health [33] . The mechanism underlying this connection is not clear but is under investigation. Although our study showed that adequate adiposity contributed to good bone health in nonobese children, the contributions of adiposity and other factors to bone health in obese children need to be investigated in further studies.
In conclusion, almost half of these peripubertal nonobese children were vitamin D deficient in the winter. Adequate vitamin D status and body fat contributed to good bone health in the pre-and early pubertal nonobese children. Considering the role of adequate vitamin D status in bone health, the current DRI among Korean children and adolescents may be insufficient for preventing vitamin D deficiency in winter.
